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Porous iron-based catalysts with different promoters (Zr, Ti or Al) have been tested in oxidative dehydro-
genation of ethylbenzene with CO2 for styrene production. The catalysts were characterized by X-ray dif-
fraction (XRD), 57Fe-Mössbauer and Raman spectroscopy, temperature-programmed reduction (TPR) and
N2 adsorption–desorption measurements, before and after the catalytic evaluation. The reactivity of iron-
based catalysts toward styrene production was dependent on the structural and textural features of the
solid as well as the nature of the promoter. a-Fe2O3 and rutile TiO2 present on FeTi were converted in situ
into FeTiO3, Fe2TiO5 and FeTi2O5, and these phases revealed a high styrene yield (up to 50%) in the ﬁrst
stage of the reaction, but lower selectivity than that exhibited by their FeZr and FeAl counterparts. How-
ever, FeTi performed much better in terms of stability showing no tendency to sintering or phase trans-
formation whereas the other solids suffered from hard carbon deposition.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Oxidative dehydrogenation of ethylbenzene with CO2 (ODH) is a
promising alternative to the industrially applied catalytic non-oxida-
tive dehydrogenation due to the strong market incentive for styrene
production [1]. As industrial demand for styrene grows, its produc-
tion via ODH of ethylbenzene is assuming great importance. Indeed,
styrene is of interest to the petroleum industry for the production of
polystyrene, styrene–butadiene rubber, ﬁbers and resins [2]. How-
ever, the major challenges associated with the dehydrogenation
are requirement of developing selective and stable catalysts, since
the deactivation of the solids due to coke formation is inevitable.ll rights reserved.
8.In another context, iron-based compounds have been recog-
nized as important materials due to their wide range of applica-
tions, such as ion exchangers, material science, pharmaceuticals,
biotechnology, adsorbents, catalysts and recently in nanomedicine
[2–7]. In the ﬁeld of catalysis, many studies have been conducted
concerning the use of iron-based compounds as catalysts or cata-
lytic supports [8–10] due to their desirable properties, including
redox abilities, acidic features and low-cost.
Among the various types of iron-based compounds, porous iron
oxides are suitable as catalytic active sites for a variety of reactions
[10–13]. Moreover, they have a much higher surface area than con-
ventional microporous iron oxides and possibilities a larger pore
size distribution and a more availability for their surface function-
alities [11]. Indeed, the pores are often used as catalytic reactors
[10]. Therefore, research efforts have been mainly focused on
developing porous iron monoxides or iron-based compounds to
improve the resistance against the deactivation resulting from car-
bon deposition and increase the adsorption properties [8–12].
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the facile deposition of the second labile species to be added during
the synthesis on the iron specie, which could act as a support. This
is a drawback concerning the production of mixed iron-based oxi-
des and requires special synthesis conditions or reactants for con-
trolling pore size and shape and avoiding pores’ blocking.
In case of ODH to obtain styrene by using iron-based catalysts,
nearly all of the transition metals and lanthanides have been stud-
ied as electronic, structural and textural promoters, giving rise to
good catalytic activity [9–14]. Titanium, zirconium and aluminum
are leading the subjects in this area of research. Although Fe is
more susceptible to reduction, and therefore to deactivation than
metals oxides such as Al, Zr and Ti, a combination of the latter spe-
cies in a porous iron oxide would be useful to improve the catalytic
performance. Most of the studies are devoted to the synthesis con-
ditions and characterizations, and only a few of them deeply inves-
tigated the resultant binary iron oxides porosity effect in the
dehydrogenation of ethylbenzene with CO2.
The inﬂuence of the active promoters on the physicochemical
properties of iron-based catalysts has been investigated in this
study. The effect of iron oxide porosity and phases formed on the
styrene production explain the different catalytic behavior of the
solids.2. Experimental
2.1. Preparation of the solids
Aluminum tri-sec-butoxide (Al(OC4H9sec)3) and ferric nitrate
Fe(NO3)39H2O, were used as precursors to prepare the FeAl solid,
according to a previously published work [15]. The hydrolysis reac-
tion took place by introducing aluminum tri-sec-butoxide into ex-
cess of ethanol at 60 C under vigorous stirring. Brieﬂy, the
synthesis was carried out by adding in a drop wise manner a mix-
ture of 2.9 mol of water, ferric nitrate and 6.5 mol of absolute eth-
anol to the stirred mixture of aluminium, to obtain the clear sol,
which turned into a gelatinous precipitate within few minutes.
The reactants were maintained under constant stirring and reﬂux-
ing for 24 h. The gel was afterwards, washed with ethanol, dried at
room temperature and calcined at 600 C under air ﬂow at a heat-
ing rate of 5 C min1 during 2 h. The abovementioned methodol-
ogy was used to obtain the FeZr and FeTi, in which the zirconium
oxychloride, ZrOCl28H2O, and titanium (IV) isopropoxide, Ti(OiPr)4
were the active component precursors. The metal contents mea-
sured by chemical analyses were 80:20 wt%, respectively for iron
and the second metal added to the solid.2.2. Characterization of the solids
X-ray powder diffraction (XRD) patterns were recorded in a
PANalytical X’PERT HighScore’s diffractometer. The Cu Ka radia-
tion was used and diffractrograms were collected with a 2h step
of 0.02 and a counting time of 10 s per step. Diffraction peaks re-
corded between 3 and 80 have been used to identify the structure
obtained at 40 kV and 30 mA. Particles size were calculated by
Scherrer formula (D = Kk/B cosh), where K = 0.9, k = 0.15418 nm, h
is the Bragg angle, and B is the full width at half maximum of dif-
fraction peaks. The diffractograms were compared to that of ICDD
database (International Centre for Diffraction Data).
The Brunauer–Emmett–Teller (BET) method was employed to
measure the speciﬁc surface of oxides through the nitrogen
adsorption–desorption isotherms. The measurements were made
at 196 C using a Micromeritics instrument. The samples were
outgassed for 6 h at 200 C under vacuum, prior to the sorption
analyses.The temperature-programmed reduction experiments (H2-TPR)
were carried out in home-made equipment. About 80 mg of cata-
lyst was embedded in a ﬁxed-bed quartz tube and heated under
nitrogen at 100 C for 2 h. Subsequently, the reactor was cooled
down to room temperature and was then heated from room tem-
perature to 1000 C using a heating rate of 10 C min1 in the pres-
ence of a 8% H2/N2 mixture.
Raman spectroscopy was used to obtain information about the
structural features of the solids under ambient conditions on a al-
pha 300 microscope from Witec spectrometer. The confocal
microscopy was used with a 532 nm laser line for the spectral exci-
tation and a power of 10 mW.
Mössbauer spectra were measured on powdered spent solids at
room temperature with the spectroscopy system from Wissel. The
measurements were carried out by standard transmission geome-
try, using a constant acceleration spectrometer with a radioactive
source of 57Co in Rh matrix and activity of 50 mCi. The spectra
were ﬁtted using the Fit routine, which makes use of a set of
Lorentzian proﬁle peaks. The analyses allowed the calculation of
amplitude and width (G) of each peak, isomer shift (d), electric
quadrupole splitting (D) and hyperﬁne magnetic ﬁelds (BFH). In
addition, all isomer shifts (d) refer to metallic iron (a-Fe) at room
temperature.2.3. Catalytic evaluation
Catalytic reaction of dehydrogenation of ethylbenzene using
CO2 was carried out in a ﬁxed bed quartz reactor by using
100 mg of catalyst. Ethylbenzene (EB) was fed to the reactor by
passing the gas feed e.g., nitrogen (11 mmol h1), and carbon diox-
ide (58 mmol h1) over an ethylbenzene saturator vessel with a EB
feed rate of 1.9 mmol h1. The reaction tests were performed at
550 C under atmospheric pressure and a CO2/EB = 30:1. The prod-
ucts formed were analyzed with an FID gas chromatograph (Simple
Chrom) using a capillary column. A detailed description of the cat-
alytic tests evaluation is given in the references [10,11,16]. The
performance of catalysts was evaluated by means of the EB conver-
sion, the styrene selectivity and styrene yield and the formulae are
shown in the papers previously published [8,16].3. Results and discussion
3.1. Structural features of the fresh catalysts
3.1.1. XRD and Raman measurements
XRD patterns of the catalysts are shown in Fig. 1. The diffraction
lines for fresh catalysts corresponding to the (110), (012), (113)
and (300) reﬂections of rhombohedral symmetry of hematite (a-
Fe2O3, space group R3c, D
6
3d, ICDD no. 33-664) and those having
characteristic reﬂections along (220), (311), (400) and (440) from
cubic maghemite (c-Fe2O3, space group of P4332, ICDD no. 39-
1346) [17] phase are observed for all solids. Indeed, XRD patterns
are broad and weak due to the nanocrystalline features of the sol-
ids, as summarized in Table 1.
For FeZr, tetragonal ZrO2 (space group P42/nmc, ICDD no. 37-
1484) is the sole zirconium specie observed in the XRD pattern, be-
sides the aforesaid iron-based monoxides. In case of FeAl, even
though FeAl2O4 formation could be likely under the synthesis con-
ditions [15,18], the XRD pattern of the fresh solid reveals only c-
Fe2O3, c-Al2O3 (space group and ICDD no. 29-0063) and a-Fe2O3
phases and does not show any Fe–Al–related species. FeAl difracto-
gram is shown in our previous paper [15].
The diffractogram of FeTi shows not well resolved diffraction
peaks at interplanar spacings of 3.24, 1.89 and 1.66 Å correspond-
ing to the (110), (111) and (211) characteristic reﬂections of the
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Fig. 1. (a) X-ray diffraction patterns and (b) Raman spectra for iron-based catalysts.
742 A.J.R. Castro et al. / Fuel 108 (2013) 740–748rutile phase of TiO2 in accordance with the ICDD no. 21-1276,
space group P42/mnm. Low intensities peaks mainly at 2h equal
to 48.1, which is indexed to the (200) plane arises from the
tetragonal TiO2 in anatase form (ICDD no. 21-1272). Also, some
peaks of a-Fe2O3 and c-Fe2O3 are found over FeTi. It is known that
FeTiO3 ilmenite structure is derived from that of a-Fe2O3 and the
ilmenite is possibly formed in an either amorphous or crystalline
state by replacing every other layer of Fe3+ (ionic radius 0.64 Å)
atoms in the (001) planes by a layer of Ti4+ (ionic radius 0.68 Å)
atoms during the co-precipitation of Fe/Ti mixed oxides [19]. How-
ever, no XRD peaks of ilmenite are observed for FeTi due to its
broad diffraction lines.
Raman spectrum of FeZr (Fig. 1b) shows the typical vibration
modes of hematite. As stated above, a-Fe2O3 belongs to the D63d
space group and the phonon lines at about 212, 247, 293, 299,
412, 498 and 613 cm1 and additional broad modes at 1050 and
1319 cm1 should appear in the Raman spectrum of hematite
and maghemite [15,20]. Indeed, earlier reports have shown thatthe latter modes are due to two magnons scattering created on
close antiparalell spin sites [19,20]. Thus, the modes appear around
146, 225, 296, 411, 503, 607, 660, 869, 1050 and 1319 cm1
conﬁrming the presence of hematite and maghemite. In contrast,
c-Fe2O3 is an inverse spinel and its structure can be read as an iron
deﬁcient form of magnetite (Fe3O4), possessing three broad vibra-
tional modes at about 350, 500 and 700 cm1 [15]. Thus, c-Fe2O3
modes could be assigned in the observed spectrum, in accordance
with XRD results. In addition, the tetragonal form of ZrO2 (D
15
4h
space group) has Raman modes at about 270, 315, 455, 602 and
645 cm1 whereas the monoclinic ones possesses modes at 192,
335, 347, 382, 476, 617 and 638 cm1 [21]. Thus, the presence of
ZrO2 in both tetragonal and monoclinic forms is suggested for FeZr
by Raman measurements. These results are in line with the ZrO2 in
tetragonal phase found by XRD.
For FeAl and FeTi, two broad and not well deﬁned bands are ob-
served in the 200–600 cm1 and 700–900 cm1 ranges. These
modes overlap each other, and thus their assignations correspond
Table 1
Physicochemical and catalytic properties of the solids in dehydrogenation of
ethylbenzene with CO2.
Catalyst Phasesa BET
Surface
area
(m2 g1)
Pore
volumeb
(cm3 g1)
Pore
sizeb
(Å)
% EB
conversionc
FeAl a-Fe2O3 384 0.55 30 27.4
c-Fe2O3
c-Al2O3
FeZr a-Fe2O3 418 0.60 29 19.8
c-Fe2O3
t-ZrO2
FeTi c-Fe2O3 rutile
TiO2a-Fe2O3
anatase TiO2
421 0.67 33 50.5
a From XRD analysis.
b BJH method.
c Reaction conditions: CO2/EB = 30; Temperature = 550oC.
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A.J.R. Castro et al. / Fuel 108 (2013) 740–748 743to the superimposed modes values for c-Fe2O3 and a-Fe2O3. More-
over, Raman modes of either Al2O3 or TiO2 are not observed at all.
Considering that there are few Raman studies on the inﬂuence of
the Ti and Al promoters in porous iron oxide catalysts available
in literature, it is difﬁcult to explain the exact meaning of the
superimposition of the modes in this study. Nevertheless, it is pos-
sible to explain that the Fe–O vibrations were perturbed by the
variations the chemical bonds energy, besides other effects caused
by the presence of the promoters.0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 2. N2 adsorption–desorption isotherms of the solids. The included ﬁgures are
the pore size distribution curves of the catalysts.3.1.2. N2 adsorption–desorption analyses
Textural properties of the solids are evaluated by N2 adsorp-
tion–desorption experiments. The isotherms as well as the corre-
sponding pore size distribution curves are plotted in Fig. 2.
As it can be seen, the isotherm of FeAl is of type IV, with a hys-
teresis in the 0.48 P/Po region, which is typical of mesoporous
materials. Moreover, the well-deﬁned hysteresis loop associated
with irreversible capillary condensation on mesopores from 0.4
to 1.0 indicates the existence of a mesoporosity arising from
non-crystalline voids and spaces formed by interparticle contacts
in the catalysts. FeZr exhibits a type II isotherm, with a more pro-
nounced capillary condensation step that shifts to a higher P/Po and
posses a hysteresis loop between H3 and H4 [22]. BET surface area
of FeTi and FeAl are calculated to be 421 and 418 m2 g1 (Table 1),
respectively. The BJH pore size distribution conﬁrms that FeZr pos-
sesses a well-developed mesoporosity besides meso and macrop-
ores (Fig. 2b included), FeZr displays the representative type II
and IV curves, with a capillary condensation step at P/Po 0.4–0.6 re-
gion, similar to that obtained for sol–gel based-zirconia solids [23].
Additionally, the pore size distribution of FeAl is narrower than
that of FeTi, implying that the latter has a more open pore structure
with mesopores size and volumes of 33 Å and 0.67 cm3 g1, respec-
tively. Different from FeTi and FeAl, the prominent hysteresis loop
of FeZr is mainly characterised by a micro-meso-macroporous
structure. Indeed, the pore sizes of FeZr are centred at 12, 33 and
62 Å, with respect to its broad pore size distribution for micro,
meso and macroporoes, respectively. Moreover, the micropore area
is not reported because either the micropore volume is negative or
the calculated external surface area is larger than the total surface
area. The relatively low textural parameters of FeAl were expected
to be related to its crystalline feature. Due to this fact, the non-
crystallized or tiny particles of the FeAl2O4 phase would block
the inter-particle spaces among crystalline a-Fe2O3 and c-Fe2O3,
which eventually resulted in the decrease of exposed internal sur-
face area of entire solid.3.1.3. H2-TPR proﬁles
TPR analyses are used to predict the reducibility of the solids.
TPR proﬁles (Fig. 3) reveal, not unexpectedly, two reduction stages,
which are typical of iron-based solids. The low hydrogen consump-
tion peaks observed at temperatures of 200–400 C characterizes
the Fe3+ to Fe2+ reduction while the high hydrogen consumption
peaks above 600 C are attributed to the reduction of Fe2+ to Feo
[8,24].
Based on XRD and Raman characterizations, the former peak
can be assigned to the reduction of the free c-Fe2O3 and a-Fe2O3
Fig. 3. TPR proﬁles of the solids.
744 A.J.R. Castro et al. / Fuel 108 (2013) 740–748species, while the latter peaks are attributed to the reduction of the
hard reducibility ZrO2 and perovskite FeTiO3 phases, respectively
for FeZr and FeTi. In case of FeTi, the high temperature TPR peak
may also be associated to the reduction of TiO2. However, TiO2 is
well known to be more difﬁcult to reduce and reduction of bulk
oxygen of TiO2 has been reported to occur above 600 C [25,26].
Besides, the Fe–Ti–O system displays a very rich phase diagram,
with solid solutions including pseudobrookite (Fe1+xTi2xO5),
ulvöspinel-magnetite (Fe3xTixO4) and ilmenite-hematite (Fe2xTix
O3). Such FeTiO3, Fe2TiO5 and Fe2TiO5 have been suggested to re-
duce only at high temperatures (>750 C) [27]. Therefore, the high
hydrogen consumption peak above 600 C could be attributed to
both TiO2 and perovskite reduction. In addition, ZrO2 weakly inter-
acts with iron species and provides a lesser resistance to reduction
in FeZr compared to that of FeTi, thus causing the shifting of the
reduction of Fe3+ to lower temperatures. TPR proﬁle of FeAl has
been described previously [15] and it can be seen that the iron
states of reduction are identical in terms of proﬁles, however, the
FeAl2O4 phase formation is facilitated under hydrogen environ-
ment at about 600 C.
3.2. Catalytic results
The results on the ethylbenzene dehydrogenation with CO2 are
shown in Table 1 and Fig. 4.
The catalytic conversion of FeAl at the beginning of the reaction
is slightly higher than that of FeZr and lesser than half of that of
FeTi (Table 1). Moreover, the styrene yield is high in the ﬁrst min-
utes of the reaction for all solids (Fig. 4). It can be seen that the nat-
ure of promoter present on the different iron phase is related to the
porous structure and the catalytic performance, being titanium
well suited to be added to the iron oxides. The fact that c-Fe2O3
and a-Fe2O3 active phases are detected over all catalysts by XRD
and Raman results suggest that the elevated initial conversion of
the catalysts could be due to the presence of these phases. How-
ever, our earlier report has demonstrated that unprompted bulk
iron oxides in either hematite or maghemite forms have conver-
sion values lower than 2% in the steady state condition. This was
attributed to the inactivity and/or ease reducibility of these oxides
in the EB and CO2 environments [10]. Burri et al. also reported that
EB conversion over either ZrO2 or TiO2 is inferior to that of pro-
moted binaries catalysts counterparts [28]; this lies to the fact that
pure TiO2 gives very low styrene yield in the ODH reaction [29].
Also, alumina itself performed badly in the dehydrogenation of
ethylbenzene with CO2, as shown by the ﬁndings [30–32]. Since
Fe2O3, ZrO2, TiO2 alone or Al2O3 itself are not highly actives in
the reaction, the interaction between iron oxide and the aforesaid
promoters might be necessary to obtain high activity.The fast decline of the selectivity of FeTi along the time on
stream with respect to that of FeAl indicated an aluminum action
as structural promoter of the iron oxide and this enhanced the sty-
rene yield greatly [32]. This is supported by the fact that there are
no diffraction lines of alumina in the patterns indicating an incor-
poration of Al into the iron oxide to form a nanocrystalline and sta-
ble FeAl2O4. Furthermore, FeAl improves the selectivity to styrene
about 29% in the steady state, whereas the addition of Zr to the
iron-based catalyst contributes to increase the selectivity only
around 18% at iso-conversion. The detection of t-ZrO2 phase over
FeZr reveals that zirconia particles do not stabilize the iron-based
phases over the course of the reaction, which in turn resulted in
a smaller activity and stability. This is conﬁrmed by TPR results
that show the easy reducibility of FeZr catalyst. The same effect
is observed over Ti–Zr and Mn–Zr based catalysts for CO2 dehydro-
genation of ethylbenzene [28,33]. The styrene yield is improved by
adding aluminum to the iron oxide, but selectivity to styrene is
considered low, in comparison to other aluminum-based iron oxi-
des catalysts [32]. The selectivity to benzene and toluene increase
showing that cracking reactions are favored at high time on stream
for FeAl and FeZr.
The best performance of FeTi for styrene production may be
rationalized from the information obtained from the characteriza-
tion results. Previous studies on oxidative dehydrogenation of pro-
pane reaction reveal that the TiO2 phase itself is active on
ethylbenzene conversion while this effect is signiﬁcant over binary
TiO2–ZrO2 catalyst [34]. The iron titanates phases are ilmenite
(FeTiO3), a spinel phase (Fe2TiO4) and pseudo-brookite (Fe2TiO5)
[35]. Among them, FeTiO3 (further shown by spent catalysts char-
acterizations) is found to remain stable in the steady state, even
when rutile TiO2, c-Fe2O3 and a-Fe2O3 were consumed, initially.
Any structural change is observed (latter conﬁrmed) and this
behavior is attributed to stability of the ilmenite phase and the
mesopores, which remains accessible to ethylbenzene and CO2
reactants, after the reaction.
3.3. Structural features of the spent solids
3.3.1. 57Fe Mössbauer spectroscopy
All the catalysts exhibited structural changes after the reaction.
Mössbauer spectra of the solids are shown in Fig. 5.
57Fe Mössbauer spectroscopy is a technique largely used to
study the valence states of iron and its occupation at the unit cells
sites in iron-containing crystal structures.
FeAl Mössbauer spectrum is ﬁtted with two doublets. The ﬁrst
doublet possessingD = 1.01 mm s1 e d = 0.35 mm s1 is attributed
to the presence of hematite (a-Fe2O3), which shows superpara-
magnetic behavior, as a result of its nanosized particles. The second
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Fig. 4. Styrene yield and selectivity of the catalysts studied.
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d = 0.92 mm s1 corresponds well to a paramagnetic spinel type
crystal structure, where only the Fe2+ ions occupy tetrahedral sites,
as for FeAl2O4 structure [36]. Therefore, FeAl has Fe3+ with 55.5% of
the relative abundance arising from hematite while 44.5% is Fe2+
originated from hercynite (FeAl2O4), which crystallizes after the
catalytic test.
For FeZr, Mössbauer spectrum is adjusted with one doublet and
two sextets. The hyperﬁne parameters of the doublet (d =
0.38 mm s1 and D = 1.01 mm s1) are approximately the same
to those found for FeAl. Taking in account this result, it can be sug-
gested that superparamagnetic nanoparticles, like ZrFe2O4 spinel
could be present on FeZr. However, the hyperﬁne parameters ofsextets are typical magnetite, as futher observed for FeTi. Thus,
FeZr has half of the iron ions e.g., 50.6% in Fe2+ state whereas the
other half, 49.4% is in Fe3+enviroment.
Mössbauer spectrum of spent FeTi is adjusted with two dou-
blets and two sextets. The two well-resolved doublets indicate
the presence of paramagnetic high-spin Fe2+ and Fe3+ species.
Mössbauer parameters obtained from the spectra are shown in
Table 2.
The ﬁrst doublet of FeTi exhibits relative large isometric shift
(d = 1.07 mm s1) and quadrupole splitting (D = 0.70 mm s1),
which corresponded to a Fe2+ environment. The second doublet
displays relative small isometric shift (d = 0.35 mm s1) and quad-
rupole splitting (D = 0.58 mm s1), which could be assigned to a
Fe3+ environment. Both doublets and their hyperﬁne parameters
are characteristic of ilmenite (FeTiO3), in accordance with the ﬁnd-
ings [37,38]. In addition, the two sextets are characterized by
hyperﬁne parameters of ca. HHF = 48.93T, D = 0.06 mm s1 and
d = 0.41 mm s1 for the ﬁrst sextet and these parameters were typ-
ical Fe2+ in the tetrahedral site of a spinel structure. The other sex-
tet with the HHF = 45.96T, D = 0.02 mm s1 and d = 0.58 mm s1 is
due to Fe3+ in octahedral environment. Since the inverse spinel
Table 2
Parameters obtained from reﬁnements at room temperature of Mössbauer spectra of
Fe-containing samples. Electric quadrupole splitting (D), isomer shift (d), hyperﬁne
magnetic ﬁeld (BHF) and Relative spectral area (R.A.) parameters of the Fe-containing
samples.
Samples Electric quadrupole and
isomer shift
Average of BHF over the distribution
D (mm/
s)
d (mm/
s)
R.A.
(%)
HHF
(T)
D (mm/
s)
d (mm/
s)
R.A.
(%)
FeAl 1.01 0.35 55.5
1.71 0.92 44.5
FeTi 0.58 0.32 29.6 48.93 0.06 0.41 19.2
0.70 1.07 39.7 45.96 0.02 0.58 11.5
FeZr 1.01 0.38 14.6 49.71 0.00 0.28 35.0
46.64 0.04 0.68 50.4
746 A.J.R. Castro et al. / Fuel 108 (2013) 740–748magnetite structure, namely, [Fe3+]tetra[Fe3+, Fe2+]octaO4, the iron is
situated in the two crystallographically inequivalent tetrahedral A
and octahedral B sites [15], it can be concluded that magnetite
coexists with ilmenite structure for FeTi. Also, Fe2+ represents
58.9% of the whole area while Fe3+ composes 41.1% one.3.3.2. Raman and XRD
Raman measurements (Fig. 6a) provide additional evidences for
the catalytic behavior of the spent catalysts.
Noteworthy, the modes of spent FeAl increase their intensity
and shifts to lower wavenumbers compared to the fresh analogous.
On the contrary of the 57Fe Mössbauer analyses, Raman modes cor-
responding to Fe3O4 appear at 200, 305, 530 cm1 and a sharp
mode at 668 cm1 [15,20]. It is assumed that due to the modes
of c-Fe2O3 appears at about 350, 500 and 700 cm1 [20], such char-
acteristics modes are also observed in the Raman spectrum of FeAl.200 400 600 800 1000 1200 1400 1600 1800
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Fig. 6. (a) Raman and (b) XRD anBroad bands in the 200–600 cm1 and 700–900 cm1 ranges are
the main features in the FeTi and FeZr spectra, indicating that
the hematite phase changed after the reaction.
Raman spectra at high wavenumbers display much more in-
tense and blunter modes than in low wavenumber for all solids.
The modes at 1300–1550 cm1 are associated to the D and G
bands, as for carbon nanotubes [16]. This result suggests that the
fast deactivation of FeZr and FeAl is due to the heavy coke deposi-
tion whereas the slight decrease of the styrene yield on FeTi is
caused by the formation of labile carbon deposits on the latter.
XRD patterns of the solids are shown in Fig. 6b. After the cata-
lytic test, FeAl displays low-intensity reﬂections corresponding to
the FeAl2O4 phase (ICDD no. 34-0192), where the (311), (440),
(511), (400) planes corresponds to the 2h equal to 35.8, 44.2,
55.0 and 64.3, respectively. Peaks assigned to magnetite, maghe-
mite and the two main peaks of carbon graphite at 2h = 31 and
64 (ICDD no. 41-1487) can be identiﬁed too, which accord with
the results obtained from Mössbauer. Indeed, peaks related to c-
Al2O3 are not observed. Judging from the broadness of the diffrac-
tion lines, nanocrystalline dimensions of ca. 12–17 nm from the
(311) plane of FeAl2O4 can be found for spent FeAl, in good agree-
ment with the textural properties results (Table 1). FeAl2O4 is a
normal spinel, where one eighth of the tetrahedral sites are occu-
pied by Fe2+ cations whereas one half of the octahedral sites are
occupied by Al3+ cations [39]. These obtained results are compati-
ble with the fact that the solid state reaction involving Al2O3 and
Fe2O3 in presence of CO to produce FeAl2O4 and carbon species
[40] occurred during the ODH reaction.
Thus, the FeAl nanoparticles are conﬁrmed to be crystalline, and
sintering does not strongly affect the solid during the reaction.
However, the yield of styrene decays to approximately 30% in the
same trend as selectivity due to the coking during the reaction.
Some other studies found that the selectivity to styrene dropped0
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that results in coke formation [41,42]. This conﬁrms the Raman
spectroscopy measurements that detected the carbon deposits for-
mation over the solid. Both sintering and coke formation are the
critical factors to deactivate FeAl catalyst along the reaction.
The XRD pattern of spent FeZr conﬁrms the existence of the
same phases observed for the fresh analogous solid, including mag-
netite, which was similar to that shown by Mössbauer. Indeed, the
spent solid is more crystalline than the fresh analogue. This result
indicates that the change in valence state of Fe3+ (hematite) to
magnetite (mostly Fe2+) damaged the solid and sharply decreased
the catalytic performance of FeZr. These results also imply that
the poorer selectivity of FeZr towards ODH of ethylbenzene is
caused by coking and the reduction of the catalyst.The spent FeTi exhibits the well crystalline TiO2 rutile and Fe3O4
monoxides besides the mixed FeTiO3, Fe2TiO5 and FeTi2O5 phases.
It suggests that Fe2O3 reacts with TiO2 rutile during the reaction to
form the mixed Fe–Ti phases [27] due to the reductive conditions
offered by the ODH. Thus, styrene yield drops off at the beginning
of the reaction due to sintering of the active species and the mes-
opores may become occluded close to saturation by the coke from
ethylbenzene cracking or styrene oligomerization. However, the
promoting effect of CO2 in reoxidizing the FeTiO3, Fe2TiO5 and
FeTi2O5 phases and leaching the coke have probably avoided the
deactivation of the solid, as for Fe-based catalysts [43].
Studies on the activity of the solids by varying the CO2 feed con-
tent as well as the promotion of the binary oxide by a third active
component are in course.
4. Conclusions
Porous iron-based oxides were produced by sol–gel method.
Modiﬁcation of the iron solids by adding Ti, Al or Zr resulted in dif-
ferent mixed phases such as non-crystalline spinel and ilmienite,
besides the segregated a-Fe2O3, c-Fe2O3, rutile TiO2 and t-ZrO2
monoxides. Based on XRD, Raman, Mössbauer and textural proper-
ties analyses, it is clear that the effect of the porosity on the phase
transformation and physicochemical properties of mesoporous sol-
ids was correlated to the catalytic activity of the solids. Catalytic
evaluation for styrene production showed that the styrene yield
is high when Ti and Al are added to the solids whereas styrene
selectivity decreases due to cracking of ethylbenzene reactions.
The higher catalytic performance of porous FeTi is attributed to
the in situ formation of FeTiO3, Fe2TiO5 and FeTi2O5 active species.
These phases were resistant against phase transformation and sin-
tering but promoted coke formation due to both ethylbenzene
cracking or styrene oligomerization reactions.
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